Abstract. We report on the effect of solar variability at the 27-day and the 11-year time scale on standard phase height measurements carried out in central Europe. Standard phase height corresponds to the reflection height of radio waves in the ionosphere near 80 km altitude. Using the superposed epoch analysis (SEA) method, we extract statistically highly significant solar 27-day signatures in standard phase heights. The 27-day signatures are roughly anti-correlated to solar proxies, such as 5 the F10.7 cm radio flux or the Lyman-α flux. The sensitivity of standard phase height change to solar forcing at the 27-day time scale is found to be in good agreement with the sensitivity for the 11-year solar cycle, suggesting similar underlying mechanisms. The amplitude of the 27-day signature in standard phase height is larger during solar minimum than during solar maximum, indicating that the signature is not only driven by photo-ionisation of NO. We identified statistical evidence for an 10 influence of ultra-long planetary waves on the quasi 27-day signature of standard phase height in winters of solar minimum periods.
since February 1959. Assuming one-hop propagation, the detected signal corresponds to the phase relation between the ground wave and the sky wave reflected in the D-region of the ionosphere and allows calculating the indirect phase height at the reflection point. The distance between Allouis and Kühlungsborn is 1023 km. The reflection point of the signal is located over the Eifel-mountain (50
• E, Germany). The SPH is defined as the reflection height at a fixed solar zenith distance of 60 78.4
• (see Peters and Entzian (2015) for more detailed information). Panel a) of Figure 1 shows the derived daily SPH variation from February 1959 to February 2017 based on release R4 of standard phase height measurements derived under the application of a new diagnostic method and for an extended period (Peters et al., 2018) . The 11-year solar cycle signature is clearly visible. Also discernible is a negative long-term trend, which was determined by Peters and Entzian (2015) to 65 be -114 m/decade for the period 1959 to 2009. This negative long-term trend is attributed to the shrinking of the middle atmosphere associated with its cooling (e.g., Peters and Entzian, 2015; Peters et al., 2017) . Furthermore, a quasi-bidecadal oscillation was found at two different altitudes (OH* Meinel emissions at about 87 km and plasma scale height at about 80 km) in the mesopause region in summer which are anti-correlated Kalicinsky et al. (2018) . in the top panel corresponds to a 365-day running mean. The repeating pattern with a period of 1 year is the seasonal cycle in standard phase height data further discussed in Peters and Entzian (2015) . An 11-year solar cycle signature is also discernible.
Superposed Epoch Analysis (SEA)
The analysis technique employed to extract solar-driven 27-day variations in standard phase height 90 data is the superposed epoch analysis (further on referred to as SEA) technique (e.g., Howard, 1833; Chree, 1912) , also known as composite analysis. The F10.7 cm solar radio flux or LYA is used as a solar proxy in the current study. Panels b) and c) of In a first step we determined anomaly time series by removing a 41-day running mean from both 95 the SPH and the F10.7 cm flux data. Using 41 days is arbitrary to a certain extent, but the results are only weakly dependent on the width of the smoothing window used, as will be discussed in more detail in section 4. Figure 2 shows the obtained anomaly time series for SPH (top panel) and the F10.7 cm solar flux (bottom panel). In order to quantify the variability of the two anomalies as a function of time, we determined the standard deviation of the anomaly values in adjacent 100-day 100 time bins. The red solid lines in the panels of Figure 2 display the time variation of these standard deviations. The standard deviation of the SPH anomaly is on the order of several hundred meters, which is significantly larger than solar 27-day signature extracted below using the SEA. Applying the same procedure to the LYA series, we found similar results, as expected (not shown).
Maxima in solar activity associated with the sun's differential rotation are identified automatically height anomaly. Figure 4 shows the epoch-averaged F10.7 cm flux and the standard phase height anomalies for the entire data set from 1959 to 2017. The epoch-averaged F10.7 cm flux anomaly peaks at day 0 relative to local solar maximum, indicating that the epochs were selected correctly.
The epoch-averaged standard phase height anomaly exhibits a periodic 27-day signature with an amplitude of about 50 m and with a minimum occurring a few days before maximum solar activity.
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This finding is discussed below in section 4, where we also investigate the dependence of the SEA results on solar activity (applying different F10.7 cm flux thresholds) and on season.
Significance testing
Periodic signatures in the epoch-averaged anomalies may also be introduced by effects entirely unrelated to changes in solar forcing. A single major anomaly in the time series, e.g., related to a major 120 stratospheric warming, will only cancel out in the analysis, if a sufficiently large number of epochs is available for analysis. Note that such an anomalous event may also lead to periodic variations in the epoch-averaged anomalies, if overlapping epochs are used, i.e., if the major anomaly occurs after local solar maximum in one epoch and before local solar maximum in the following epoch. In other words, a repeating pattern in the epoch-averaged anomaly with a period of about 27 days is not 125 necessarily an indication of the presence of a solar 27-day signature in the analyzed time series.
In order to test the significance of the obtained results, we applied the following Monte-Carlo test:
Rather than choosing the epochs centered at local solar maxima, the epochs are chosen randomly, using the same number of epochs as for the actual analysis. The SEA with randomly selected epochs is performed 1000 times and a sinusoidal function is fitted to every single realization of the epoch-
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averaged standard phase height anomaly to determine its amplitude and phase. This is followed by checking in how many of the 1000 random cases the amplitude of the fitted sinusoidal function equals or exceeds the amplitude of the sinusoidal fit to the actual epoch-averaged standard phase height anomaly. Figure 5 shows as an example the amplitudes for the 1000 random realizations (in black) and the amplitude of the actual SEA (in red). in standard phase height is very likely related to solar variability. 
Results
In section 4.1 we apply the band-pass filtering method based on wavelet analysis after Torrence and Compo (1998) in order to identify for the selected anomaly time series a comparable variability as 140 the studied solar induced 27-day variation. The motivation comes from the result of the SEA ( Figure   4 ) that already showed that a 27-day signature is present in the SPH time series which is strongly anti-correlated to the F10.7 cm solar flux or the Lyman-α flux. The used standard band-pass filter has a half width of about 10 % (∼ 3 days) of the fundamental period of 27 days, i.e. a band-pass filter of 24 -31 days is applied. These filtered time series are also used for a cross-correlation analysis. clear dominance for the winter months. Figure 7 shows as a typical example the winter 1985 -1986 with an amplitude ratio exceeding 1 during solar minimum (note: with moderate LYA amplitudes and larger SPH amplitudes). In summer the two band-pass-filtered time series are out-of-phase, as 160 expected from photo-ionisation by Lyman-α, but phase changes during winter time may be due to atmospheric processes.
In addition to Figure 7 , the phase relationship is studied over the whole time series of 58 years.
We examine the phasing between the SPH, and LYA, SFL, SPN anomaly series over all seasons.
The results of a cross correlation analysis (not shown) between those time series reveal a very weak 
Superposed epoch analysis
The SEA result displayed in Figure 4 already demonstrated that a 27-day signature is present in the SPH time series. The Monte-Carlo significance test described above showed that the fitted amplitude 175 to the epoch-averaged SPH anomalies did not reach the actual amplitude for any of the 1000 random ensembles, indicating that the 27-day signature in SPH in Figure 4 is very likely caused by the solar 27-day cycle. The 27-day signature in SPH has an amplitude of about 50 m and is thus significantly smaller than the overall SPH variability (see bottom panel of Figure 2 ).
The SEA was so far applied to the entire time series covering the period from 02/1959 to 02/2017 180 and for a window width of 41 days when determining the anomaly time series. In the following subsections we investigate, how the SEA results depend on solar activity (applying different thresholds for the F10.7 cm flux), on season, and on the width of the window. As will be seen, the sensitivity values are dependent on all of these assumptions.
4.2.1 Sensitivity of standard phase height to the 27-day and 11-year solar cycles
185
The sensitivity parameter (or simply sensitivity) that quantifies the SPH dependence on solar activity is easily determined using the epoch-averaged F10.7 flux and SPH anomalies displayed in We also determined the sensitivity of the SPH to the 11-year solar cycle. This is done by defining a regular F10.7 cm flux grid with a step size of 10 sfu, followed by averaging all daily F10.7 cm solar 
Dependence of results on solar activity
Different tests were performed to study the dependence of the 27-day sensitivity of SPH on solar activity. First, we apply different solar activity thresholds (from 60 sfu up to 200 sfu in steps of 10 210 sfu) and only consider epochs for which the solar activity exceeds the assumed threshold on all days.
The results of this test are listed in Table 1 and the dependence of the derived 27-day SPH sensitivity on solar activity is shown in Figure 9 . Table 1 lists the number of epochs available for the different solar activity thresholds, the temporal shift applied before performing the linear fit, the amplitude of the fitted sine, as well as the results of the significance tests and the 27-day sensitivity value. The dash-dotted line corresponds to the value determined in the study by Peters and Entzian (2015) , based on the same SPH data set.
Next, we tested how the results differ between periods of low and enhanced solar activity. This was done by selecting epochs for which the F10.7 cm flux was either lower or greater than 130 sfu.
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The epoch-averaged SPH anomaly for F10.7 > 130 sfu is shown in the upper panel of Figure 10 and the one for F10.7 < 130 sfu in the bottom panel of this Figure. Surprisingly, the amplitude of the extracted solar 27-day signature in SPH is larger for low solar activity than for higher solar activity. Because the absolute amplitude of the 27-day F10.7 cm flux variations for low solar activity is significantly smaller than during solar maximum, the SPH sensitivity to solar forcing at the 27-235 day scale and for low solar activity is with a value of -1.54 ± 0.38 km (100 sfu) −1 also significantly larger than the value reported above.
Dependence of results on season
In addition, we investigated whether the solar 27-day signature in standard phase height depends on the season. For this purpose we consider "winter" to include the months October, November,
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December, January and February. "Summer" includes May, June, July, August and September. We use more than 3 months for each season in order to increase the number of epochs available for analysis. The smoothing window width is again 41, as above. The analysis results are listed in Table   13 Atmos. 2. The number of epochs used for the summer (243) and winter (244) seasons is almost identical and the phase shift only differs by one day. However, the obtained amplitude is about a factor of 2 larger 245 for the winter season than for summer. The SPH 27-day sensitivity for summer (-0.454 ± 0.077) agrees within uncertainties with the all-year value (-0.365 ± 0.043), but for winter, the value is with -0.488 ± 0.052 slightly larger. Potential reasons for this behavior are discussed below in section 5.
Dependence of results on window width
Next, we tested the effect of different smoothing windows -used to determine anomaly time series - In addition, in subsection 4.3.2 we apply a regression analysis between the SPH time series and the 3-dimensional geopotential height field (GH) taken from CMAM, in order to examine the possible 270 link between SPH evolution (band-pass filtered) and the hemispheric variability of the planetary wave field on a daily basis.
Comparison of time-series over Eifel-mountain
The ERA-Interim (red) and CMAM (blue) temperature evolutions at about 1 hPa over the Eifel mountain region are in good agreement, as shown in the upper panel of Figure 11 . This is expected, day filter band, which refers to the enhanced ultra-long planetary wave activity.
In the middle panel of Figure 11 the CMAM temperature evolution is shown at 0.01 hPa. The lowest temperatures are found in summer -as known, e.g., from OH * rotational temperature measure- temperature. In each winter we found also a strong anti-correlation in the temperature variability between both layers induced by planetary wave activity which appears also in other meteorological fields due to the quasi-geostrophic balance. This ultra-long wave activity extends into the mesosphere as known from to the vertical propagation of ultra-long planetary waves (Charney and Drazin, 290 1961) in an eastward directed background flow including vacillation cycle behaviour as shown by Holton and Mass (1976) . The hemispheric structure of ultra-long wave oscillations in the 24 -31 day-filter band is investigated in the next subsection. 
Regression of standard phase heights and CMAM geopotential heights
Following classical textbooks (e.g., Taubenheim, 1969) the regression between two times series is In the upper mesosphere, the cause for the negative regression pattern between GH anomaly and the 24 -31 day-band-pass filtered SPH time series over central Europe in about 80 km altitude for lag zero may be explained by an increase of NO density caused by southward transport of NO by ultra-long waves in an observed mean positive latitudinal NO gradient, in a region between high and 325 low pressure respectively.
It follows an increase of the free electron partial pressure due to photo-ionisation as discussed by von Cossart and Entzian (1976) . If for a positive (negative) GH anomaly the electron density is higher (lower) including a lower (higher) layer of constant electrons (SPH) it follows a negative regression pattern. If the air pressure is higher (lower) for positive (negative) GH anomaly, then the electron density is higher (lower) that means that the layer of constant electrons density (SPH) is shifted downward (upward). This hypothesis has to be examined in an atmospheric general circulation model including a chemistry and ion model, which is beyond the diagnostic study presented here. The positive correlation pattern for a lag of 12 days ( Figure 12 , panel a) follows from the quasi-periodic 27-day 335 oscillation behavior of the ultra-long wave structure. Furthermore, the negative regression for lag of 12 days and the positive regression for lag zero over eastern Europe reveal the cyclic evolution of the ultra-long planetary waves. In the stratopause layer the regression pattern is positively (negatively) correlated to the 24 -31 day-band-pass filtered SPH time series over the polar region for lag zero (12 days) -see panels c) and d) of Figure 12 -indicating a polar vortex weakening (strengthening).
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The vortex weakening is linked with an intrusion of subtropical air into the polar region over the North Atlantic, as known from some major stratospheric warming events in wintertime (e.g., Peters et al., 2014 
Discussion
In this study we investigated variability in SPH at temporal scales close to the solar 27-day cycle.
Different analysis techniques -i.e. cross-correlation analysis and superposed epoch analysis -were applied to extract a potential solar driven 27-day signature in SPH data covering almost six solar cycles.
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The SEA, when applied to the entire SPH data set, yields evidence for a clear periodic 27-day signature with an amplitude of about 50 m, which is very likely caused by the solar 27-day cycle, as demonstrated by a Monte-Carlo significance analysis. An independent piece of evidence indicating that the identified 27-day signature in SPH is caused by solar forcing, is the finding that the determined SPH sensitivity to solar variability at the 27-day scale is good agreement with the sen-355 sitivity for the 11-year solar cycle. SPH is more or less anti-correlated to solar forcing, which is consistent with the simple picture that enhanced photo-ionisation of NO leads to an increase in free electron density and subsequently to a decrease in SPH. However, several of our findings cannot be reconciled with a purely photochemical mechanism.
First, both the SEA and the cross-correlation analysis consistently show that the minimum in SPH 360 precedes the maximum in solar forcing by a few days, indicating the action of other forcings or atmospheric effects.
Second, not only the SPH sensitivity to solar forcing is larger for periods of low solar activity, even the amplitude of the potential solar 27-day signature is larger during solar minimum, which is currently not understood at all. Interestingly, Gruzdev et al. (2009) find in their HAMMONIA model 365 studies generally a non-linear atmospheric response to solar forcing with sensitivities increasing with decreasing forcing. This is in part consistent with our results. However, Gruzdev et al. (2009) emphasize that the amplitude of the atmospheric response does not increase with decreasing forcing, which is inconsistent with our results on the SPH response to solar forcing. The apparent increase in the amplitude of the potential 27-day signature in SPH with decreasing solar activity may also 370 be an artifact and caused by effects unrelated to solar variations. If this is the case, it is, however, unexpected that the phase relationship between solar forcing and the potential response in SPH essentially remains the same, independent of solar activity. This could be a synchronization effect.
In this context it is important to mention that Ebel et al. (1981) performed a cross-spectral analysis of the solar F10.7 cm flux and planetary wave activity at pressure levels between 10 and 50 hPa.
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They found significant correlations between solar variability and the amplitude of planetary waves.
Third, the amplitude of the potential solar 27-day signature in SPH is about a factor of two larger during winter than during summer. It is well known that due to the winter anomaly the SPH amplitudes are increased in winter by larger downward transport of NO from the thermosphere and subsequent photo-ionisation (e.g., Peters et al., 2017; Garcia et al., 1987) ). Garcia et al. (1987) 
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The different analysis techniques provide complementary approaches to investigate different sources of variability in SPH. While the SEA allows a robust identification of a solar-driven 27-day signature, the regression analysis applied to SPH and CMAM GH allows separating dynamical effects. The presented investigations allowed improving the scientific understanding of several aspects of solar and dynamical influences on SPH. However, an overall and coherent picture is still missing, as 400 several of the reported effects are difficult to quantify and understand. In addition, a potential impact of solar variability on planetary wave activity is not well understood.
In the context of 27-day variations in SPH it is also relevant that a solar 27-day signature in noctilucent cloud (NLC) altitude was recently discovered (Thurairajah et al., 2017; Köhnke et al., 2018) . The signature has an amplitude of about 100 -200 m. Köhnke et al. (2018) provide a 405 qualitative explanation for phase relationship of the identified 27-day signature in NLC altitude, NLC occurrence rate and temperature at the polar summer mesopause. The 27-day signature in NLC parameters is likely mainly driven by dynamical effects (see Köhnke et al. (2018) ). The main reason is that the phase relationship between the 27-day signatures in temperature and H 2 O mixing ratio at the summer mesopause found by Thomas et al. (2015) is inconsistent with a purely photochemical 410 process, but easily explained by a solar modulation of the upwelling in the polar summer mesosphere.
Further insight into the underlying processes may be gained by dedicated model simulations using a general circulation model, coupled to an ion chemical module capable of modelling all relevant physical (particularly dynamical) and chemical processes. We identified for the first time a solar-driven 27-day signature in standard phase height (SPH) measurements. Employing a Monte-Carlo approach, the 27-day solar cycle signature was shown to be highly significant. SPH is anti-correlated to the solar forcing (at the 27-day scale), but the phase height minimum occurs a few days before the solar maximum, indicating that the 27-day solar cycle signature in standard phase heights is not only a consequence of variable photo-ionisation of NO. We Observational evidence of quasi-27-day oscillation propagating from the lower atmosphere to the mesosphere over 20
• N, Ann. Geophys., 33, 1321 -1330, 10.5194/angeo-33-1321-2015, 2015 .
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